Toxicity assessment of environmental compartments, in particular sediments as a highly complex matrix, provides a more direct way to assess potential adverse effects of pollutants present in a sample in contrast to chemical analysis estimating only a quantitative level of xenobiotics. Interactions between chemicals, formations of derivatives and the influence of chemical properties of sediments such as the organic matter content causing the intensified sorption of hydrophobic pollutants suggest that a traditional approach to the sediment quality, based only on chemical analysis may be insufficient. The presented study describes the vertical and horizontal variability of toxicity of Gdańsk Basin sediments. Based on 128 surface sediments samples and using geostatistical methods, a prediction map for the EC50 parameter was created. This allowed the evaluation of the toxicity of the surface sediment layer at any selected point of the study area. The applied analysis can be functional for many other locations worldwide. In the present study, the hypothesis about the location of toxic sediments in the vicinity of Gdańsk Deep, outer Puck Bay and close to Vistula River mouth was further confirmed.
INTRODUCTION
Bottom sediments play a fundamental role in aquatic ecosystems. They constitute an open, dynamic and heterogeneous system formed by the accumulation of both autochthonous and allochthonous matter, originating i.a. from anthropogenic sources. The presence of organic matter results in the intensification of sorption of persistent organic pollutants due to their hydrophobic properties. The sorption process depends on many factors such as salinity, pH, Eh or mechanical disturbances of the sediment structure such as bioturbation (Świderska-Bróż 1987; Chen et al. 2004; Zhang et al. 2013 ). In addition, the biochemical processes occurring in sediments can cause a transformation of chemical substances, resulting in the formation of more or less toxic derivatives. Many of them still unidentified. Furthermore, sediment contains not only a group of solid particles but also the interstitial water and gases which can determine a synergistic or antagonistic effect on toxicity of the whole system (Bolałek 2011a, b) . These factors allow us to assume that a traditional approach to the bottom sediment quality, based only on the instrumental analysis of selected chemicals may be insufficient. Studies on the marine bottom sediments contamination with substances of anthropogenic origin are focused mainly on the analysis of selected chemical compounds, not providing any information on their potential biological activity (Niemirycz et al. 2007 ). Evaluation of risks to the environment and humans carried out in a laboratory before introducing it on the market does not include the toxicity in the presence of other substances and under changing environmental conditions. In addition, it refers only to the substances used by people, not compounds emitted into the environment unintentionally (Serafim et al. 2013 ).
An assessment of the overall interactions between all substances present in the tested element of the environment on living organisms is essential. Toxicity tests provide a more direct way of assessing the potential adverse effects of impurities present in a complex matrix like bottom sediment (MoralesCaselles et al. 2008) . Therefore, they complement the chemical analysis of individual substances as their combined action of organisms, which is consistent with the trends in environmental analytics (Coz et al. 2008 , Niemirycz & Jankowska 2011 . The commercial use of toxicity tests has been very popular in recent years, because of easy and fast way of identifying the hot-spots (when an investigation covers a large area) and selecting for further analysis only those samples that represent the location of potentially contaminated sites (Casado-Martínez et al. 2006) . This paper presents the results of the toxicity assessment of Gdańsk Basin sediments by the Microtox® test which applies bioluminescent marine bacteria Vibrio fischeri and geostatistical techniques for the estimation of the obtained results. The results presented as maps indicate the particularly endangered regions where further studies on the identification of chemicals responsible for the toxicity should be carried out. Considering different analytical procedures, the Basic Solid Phase Test (Azur Environmental 1998) corresponds to the toxicity of the entire sediment and has been commonly applied for marine sediments (Salizzato et al. 1998 , Lahr et al. 2003 , Vigano et al. 2003 , Coz et al. 2008 . It has also been approved as a standard government ecotoxicological bioassay in several countries like Canada, The Netherlands, France, Germany, Sweden and Spain (Keddy et al. 1995 , Park & Hee 2001 . Generally, the most relevant advantage of toxicity tests over the instrumental analysis, where the extrapolation of uncertain completeness is required, is their direct appreciation of the biological availability and the impact.
Implementation of toxicity tests for the Gdańsk Basin area appears to be a reasonable method for the assessment of the sea bottom quality. The area is characterized by the influence of the Vistula River, a barrier in the form of Hel Peninsula separating Puck Bay or a significant decrease in the depth (the local bottom slope over 10 degrees). According to the literature, numerous anthropogenic contaminants such as polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins and furans and polycyclic aromatic hydrocarbons have been identified in the study area (Pazdro 2004 , Niemirycz & Jankowska 2011 .
The results of analysis of the toxicity of sediments provide a good database for geostatistical techniques. Through the estimation of point data in a quick way, we obtain information about the state of the environment in areas not covered by sampling. In addition, we can evaluate the spatial relationship between any of the measured parameters in a particular area, such as total organic carbon, grain size distribution, water content, etc.
MATERIALS AND METHODS

Materials
The study included 128 surface sediment samples (0-5 cm) and 8 sediments cores (up to 25 cm depth), collected in 2010-2012 (cruises on R/V Oceania, ORP Arctowski and ORP Heweliusz) representing, according to the literature data, locations of a varying sedimentation rate, water mass dynamics and grain size (Urbański 2007 , Uścinowicz 2011 .
The study area was divided into five sub-regions ( collected by the Niemistö gravity corer and divided into 5 cm layers and transported to a laboratory, where following parameters were determined: water and organic matter content, and grain size distribution by sieve analysis (according to Bolałek 2010) .
Toxicity bioassays
Toxicity has been assessed by the Microtox® test using the Basic Solid Phase Procedure with a 9-fold dilution of the sample, following the recommended manufacturer procedure (ASTM 2004 , Azur Environmental 1998 . In this test, natural luminescence of the Vibrio fisheri bacteria is inhibited by toxic substances present in the sample. The percentage of inhibition is proportional to the degree of toxicity of the test sample. Before the proper test, the bacteria were tested in the presence of ZnSO4 by a reference procedure recommended by the manufacturer. The determined toxicity can be expressed as 30 min EC50 values (%) which corresponds to the effective concentration of xenobiotic (solid or liquid) causing a 50% decrease in light emission. Another parameter to express the toxicity are toxicity units (TU50), which are an inverse of EC50 expressed as a percentage to facilitate the interpretation of the obtained results, where a higher value of TU50 means higher toxicity, in contrast to EC50 values which decreases as toxicity increases (Salizzato et al. 1998 , Coya et al. 2000 , Van den Brink & Kater 2006 , Mamindy-Pajany et al. 2012 .
In order to interpret the data, classification of Kwan and Dudka (1995) was used:
-EC50 ≤ 1% − very toxic -1% < EC50 < 2% − toxic -EC50 ≥ 2% − non toxic
Total organic carbon (TOC)
The organic carbon content was measured with a TOC analyzer Vario Cube according to the recommended methodology (Parsons et al. 1985) . Bottom sediment samples were dried at 600°C and homogenized. Carbonates were removed by an addition of hydrochloric acid (1 M) and tripled evaporated with deionized water in a sand bath. The content of total organic carbon (TOC) was expressed in % of dry weight.
Statistics
A statistical analysis was carried out in order to describe the population of sediment samples considering the EC50 value. Frequency distribution, the normal QQ plot and trend analysis were performed. The Cluster-Voronoi map was created to determine outliers. Based on the bathymetric map of the basin, the map of the bottom slope presenting the dynamics of the surface sediment layers was prepared. Finally ordinary kriging (OK) was used to model the spatial variability of toxicity and to perform its estimation in the non-sampled location.
OK is based on the concept of a variable Z(x),that is both randomly and spatially autocorrelated (Piccini et al. 2014 ). The prediction is based on the following model:
where µ is a local mean of Z in the neighborhood of x, and ε(x) is a random term with an expectation of zero. Estimation of Z at an unsampled point x0, Ž(x0) is based on a weighted average of data:
where λi is a kriging weight assigned to a sampling site Z(xi). The weights are allocated to the sample data within the neighborhood of a point to be estimated in such a way as to minimize the estimation variance (Webster & Oliver 2001) . To estimate the weights in an objective way, the semivariance (a difference between neighborhood values) is used (Cinti et al. 2013) :
where Z(xi) is a value of the target variable at the sampled location i and Z(xi + h) is a value of the neighbor at a distance h. The semivariogram provides a description of the scale and pattern of spatial variation and the spatial model needed for kriging. In the present application, the semivariogram model is defined by a constant function (nugget effect). The precision of the prediction map can be evaluated by comparing the values estimated from the training dataset with the correspondent values from the test dataset that were not used in the estimation process (Urbański 2012) . Four different parameters were calculated to assess the accuracy of the prediction map: the mean standardized error (MSE -which at best should be 0), the root mean square error (RMSE -which should be the lowest as possible), the root mean square standardized error (RMSSE -which at best should be 1) and the nugget-sill ratio (N-S -which should be lower than 0.5), according to the following equations (Johanson et al. 2003 , Smith & Smith 2007 , Jerosch 2013 ):
where Ž(xi) are estimated values, Z(xi) are actual observations, N is the number of validation points and σ(xi) is the prediction standard error in location xi. For all geostatistical analyses, ArcGis Geostatistical Analyst extension 10.2 was applied.
RESULTS AND DISCUSSION
Surface sediments
Statistical analysis was aimed to characterize the population of 128 samples of bottom sediments with respect to the parameter EC50 and TOC. The collected sediments consist of silt and clay in 50%; the coarse-grained sediments are the least represent group (Fig. 2) . According to the classification by Kwan and Dutka (1995) , about 44% of the examined bottom sediments are toxic or very toxic, and only 6% showed no acute toxicity (EC50 > 100%).
Since the EC50 value exhibits a non-normal distribution of data, a log-transformation of variables was applied to obtain a distribution as close to a Gaussian-type as possible and provide regular variograms during structural analysis (Fig. 3) . The trend analysis showed that the EC50 parameter decreases from the northeast to the southwest, and has the U-shape distribution from the northwest to the southeast (Fig. 4) . The occurrence of such a system of spatial trends in the analyzed population data explains a barrier in the form of Hel Peninsula and the changing distance from anthropogenic landbased sources, and the impact of river water. Also a significant variability of the parameter TOC was recognized in the direction from west to east, with maxima, and an inverted U-shaped trend from north to south with minimum values (Fig. 5) .
The Voronoi Map identified two measuring points with outliers located in the Hel Peninsula (Fig.  6) . These sites are characterized by a large angle of the bottom inclination, which causes an intense Fig. 3 . Frequency distribution (a) and probability plot (b) of log(EC50) in the Gdańsk Basin with respect to a normal distribution movement of the surface sediment layers. This may explain why the EC50 value is not spatially correlated with neighboring points. Due to the nature of the bottom in this area, these points were omitted, and the map of the Gdańsk Basin bottom slope was included during the modeling of spatial variation of the parameter EC50 using ordinary kriging.
Semivariogram modeling, based on the created prediction map for the parameter EC50 (Fig. 7) , takes into account all the data obtained from the previous analysis (log-normal distribution, the trend spatial map of the bottom slope and the proven interdependence of EC50 and TOC parameters which describe the estimated organic matter content in the studied sediments - (Fig. 8) . Ordinary kriging is recommended for environmental studies because this technique assumes that the local average value may differ from the population mean (Sahebjalal 2012) . The mean standardized error, the root mean square error, the root mean square standardized error and the nugget-sill ratio were 0.01, 2.1, 0.83, and 0.02, respectively.
The median EC50 value is the lowest for deep areas of the Gdańsk Deep and the highest for shallow water of the Gulf of Puck (Table 1) . However, the range of the results indicates the presence of toxic and very toxic sediments in each study area. In areas A1 and A2, the supply of organic matter and the proximity of rivers in urban areas exerted a direct impact on the toxicity of sediments (24.3% and 47.2% of samples, respectively) is. However, part of the sediments originating from Puck Bay revealed no acute toxicity (EC50 > 100%). Area A3 is for the most part of a transit type, characterized by intensive sediment resuspension and transport of the finest grain, which may contribute to the high variability of toxicity of sediments occurring there (Graca & Burska 2011) . Over 40% of the samples collected in this region were toxic or very toxic (EC50 < 2%).
The sea bottom at Hel Peninsula (A4) is also unstable due to the large inclination angle of the bottom, which causes the deposition of the finest sediment fraction as well as larger particles. Sediment toxicity occurred at depths of more than 80 m and were characterized by a higher organic matter content (LOI > 4%, TOC > 3%) compared to sediments collected from shallow areas (depth < 40 m, the LOI < 1%, TOC < 0.25%), where there are mainly sandy sediments. Whereas, the finest sediment fraction of Gdańsk Deep, characterized by the highest content of organic matter is mostly toxic (more than 80% of the samples, including 62% very toxic), and non-toxic sediments occur in the eastern part.
Very toxic sediments (EC50 < 1%) occur in four of the surveyed regions (with the exception of area A4). In Puck Bay, they occur in the deepest, outer part. Sediments of the inner part do not exhibit acute toxicity (EC50 > 100%). The outer part of Puck Bay is influenced both by the Vistula and the water from deep areas of the Gdańsk Deep. The Vistula River as the largest river in the investigated region is responsible for the supply of organic and inorganic pollutants from land-based sites (Niemirycz 2011) . The influence of water of the Vistula is also responsible for high dynamics in the estuarine area and dispersion of pollutants in other regions of the Gulf of Gdańsk (Fig. 9) . In accordance with the literature data, rivers such as the Vistula and the Oder are considered to be the most relevant source of contamination of the coastal zone in the Gulf of Gdańsk (Niemirycz 2008 , Zalewski 2011 . As the distance from the coastline increases, the contribution of atmospheric deposition as a source of pollution in the marine environment increases (Larsson et al. 2000 , Sundqvist 2009 ).
The obtained results were similar to the literature data (Table 2 ). According to the study by Niemirycz (2008) , marine sediments are more toxic than the river sediments. However, the data presented in this paper indicate that some areas of the Gdańsk Basin, such as the inner Puck Bay, do not exhibit acute toxicity, which is not observed for sediments of the rivers Oder and Vistula. The increased toxicity of certain areas of the Gdańsk Basin is caused mainly by the sedimentation conditions that allow the accumulation of the river bed load at the bottom of the basin (Zalewski 2011) . The sedimentary conditions in the presented regions are related mainly to mixing of riverine and marine water masses, and a significant content of organic matter in the transported material is known to be conducive to sedimentation via flocculation (Konat & Kowalewska 2001 , Szymczak et al. 2013 . In this region, increased concentrations of other organic pollutants, such as pentachlorophenol, polychlorinated biphenyls or mercury, have been recorded (Konat & Kowalewska 2001 , Szefer 2002 , Kobusińska et al. 2014 . However, the offshore regions are more susceptible to contamination by the atmospheric deposition, which is the case of organic pollutants such as dioxins (Larsson et al. 2000) .
Sediments cores
Vertical distribution of sediment toxicity is shown in Figure 10 . The cores of bottom sediments collected from the Gdańsk Deep (1-4) are very toxic in the entire analyzed profile (20 cm). Changes in EC50 values were small and did not exceed 0.5%. Cores 5 and 6, obtained from area A3, were also toxic. Core 6 was characterized by greater variation of EC50 in the vertical profile than core 6, however, these changes ranged within 0.5-2%. The greatest variability was observed in vertical cores 7 and 8 taken from area A4 at a depth of 40 -80 m. The EC50 value was below 2% at 5 cm (for both cores) and 15 cm (core 8). Other layers showed no toxicity.
Constant toxicity in the sediment cores of the Gdańsk Deep indicates a regular supply of pollution to the area, but it is not clear if the toxicity of the individual sediment layers is caused by the same substances. According to numerous studies (Coz et al. 2008 , Van den Brink & Kater 2006 on the toxicity of bottom sediments, toxicity is strongly related to persistent organic pollutants and heavy metals as well as sulfur compounds, to which Vibrio ficheri is exceptionally sensitive (Ricking et al. 2002 , Calace et al. 2005 . It has been proven that pollutants absorbed on sediment particles cause their toxicity, even when interstitial waters present no acute toxicity (Łukawska-Matuszewska et al. 2009 ). Vertical variability of EC50 values may be associated with the movement of benthic organisms. Marenzelleria neglecta is responsible for bioturbation in the southern Baltic Sea (Granberg at al. 2008 , Hedman 2008 , Renz & Forster 2013 . Furthermore, intensive dynamics in the region of A4 related to i.a steep inclination of the sea bottom can cause alternating deposition of sediments with different properties: sandy sediments from higher, shallower areas and sediments deposited by inert sedimentation. This may be evidenced by a similar change in the content of organic matter in these cores. Evidence of this may be similar to the change of the content of organic matter in these cores.
CONCLUSIONS
Geostatistical methods focusing on spatial datasets can be applied in diverse disciplines including oceanography, hydrology, hydrogeology and many other fields. Estimation of the point data is an extremely helpful technique for revealing the spatial differentiation of an analyzed factor, as well as its spatial correlation with other parameters. The biggest advantage of geostatistical methods over the deterministic methods consists in not only the possibility of determining the most probable value at any point, but also in the expected error assessment (Urbański 2010) .
Geostatistical methods for estimating the toxicity of the surface sediment layer in the Gdańsk Basin allowed the verification of statistically significant hypotheses about the influence of external factors, such as the input of pollutants by the Vistula River, combined with the impact of hydrological and geological conditions on the quality of the investigated area:
• the most contaminated areas with toxic substances are: the outer Puck Bay, the area close to the mouth of the Vistula River and the Gdańsk Deep; the Gdańsk Deep sediments are toxic in the entire analyzed core,
• variations in the toxicity at the Hel Cape is associated with the inclination of the sea bottom slope resulting in high dynamics, thereby causing destabilization of physico-chemical conditions at the benthic boundary layer
• the shoreline of 1.5 km consisting mostly of sandy sediments can be classified as non-toxic (with the exception of the area close to the mouth of the Vistula waters)
• the bottom of the transit area in the Gdańsk Basin (LOI between 4-10%, the depth of 40-80 m) shows a significant variation in the toxicity of sediments between layers in a vertical core profiles.
The prediction map obtained for the Gdańsk Basin based on over one hundred analyzed environmental samples allows the assessment of the toxicity of the surface layer of bottom sediments for any point in this area, and the method can be applied in other places of the world.
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